Biologically inspired sensor-designs are investigated as a possible path to surpass the performance of more traditionally engineered designs. Inspired by crickets, artificial hair sensors have shown the ability to detect minute flow signals. This paper addresses developments in the design, fabrication, interfacing and characterization of biomimetic hair flow-sensors towards sensitive high-density arrays. Improvement of the electrode design of the hair sensors has resulted in a reduction of the smallest hair movements that can be measured. In comparison to the arrayed hairs-sensor design, the detection-limit was arguably improved at least twelve-fold, down to 1 mm s -1 airflow amplitude at 250 Hz as measured in a bandwidth of 3 kHz. The directivity pattern closely resembles a figure-of-eight. These sensitive hair-sensors open possibilities for high-resolution spatio-temporal flow pattern observations.
Introduction
Recently, micro-electro-mechanical systems (MEMS) technology has been exploited intensively to fabricate flow sensors for measuring the particle velocity of fluids at the point-of-interest, either in air or water [1] [2] [3] [4] [5] . Such measurements can be utilized in various fields, such as the medical, aerospace, military and industrial applications. The designs of these flow sensors can be categorized according to their sensing mechanism (heat transfer, force transfer), sensitivity direction (either normal or parallel to the substrate), transduction principle (piezoelectric, piezoresistive or capacitive), sensing environment (air or water) and materials (various silicon-nitride compositions and polymers, such as SU-8).
Flow-sensors based on hairs, as found on arthropods, notably on spiders and crickets, are among the most energyefficient flow sensory systems appearing in nature. Crickets are thought to be able to perceive flow signals at thermal noise levels and, using canopies of hairs, to discern flow phenomena at high spatial resolution [6] . The sensing hairs of crickets [7] and the lateral-line system of fish [8] are examples of hairbased sensory systems used to detect flows in air and water, respectively.
A large canopy of mechano-sensory hairs residing on the cerci of crickets forms the sensing part of the cricket's escape mechanism e.g. from spider-attacks [9] . Air movement due to approaching predators is thought to evoke efficient escape reactions [10, 11] . The large numbers of hairs and the associated hair density, the mechanical properties of the hairs, their directivity and the accompanying neural system combine to form an effective system capable of extracting aerodynamic representations of animal movements with high spatial resolution. This enables the cricket to detect various flow events and to localize predators. 
Why particle velocity?
Sensing pressure changes is commonly performed using membrane based structures (e.g. ears) while sensing particle displacement is often accomplished using hair-like receptors. Both pressure variation and particle displacement depend on the distance from the source (r), the size of the source, the frequency and the properties of the medium (i.e. water or air). Within the near-field range (i.e. where k.r 1 with k the wave-number 2π /λ and λ the wavelength), air effectively can be considered incompressible and moves in phase with the vibrating surface. In this range, the particle velocity over the pressure ratio is relatively large and hence the particle velocity can be relatively easily perceived. For small sized animals (e.g. insects and spiders) the near-field range is large compared with their body length (a few centimetres). Therefore, unsurprisingly, small animals are often equipped with particle velocity sensors (hair-like sensors) not pressure sensors (ears) to detect movements in the range of dc to a few hundreds of Hertz [12] . For biological flow sources, dipole radiation may resemble natural flow sources, such as wingbeats of flying insects or tail movements of fish accurately [12, 13] . The hair-sensors are considered flow velocity sensors since at the frequencies of interest and at the size of the hair, the spacing of the hairs or even the interaction distance between predator and prey, pressure gradients are extremely small and the hairs can be assumed to move solely due to viscous drag. Figure 1 shows pressure and velocity (normalized to their values at k.r = 1) plotted as a function of normalized distance [14] .
Biomimetic
Nature as a model for sensor designs and signal processing techniques can be a source of inspiration for new and improved sensory systems. The bio-inspired approach deals with sensors and sensory systems by taking inspiration from sensor principles and shape, detection mechanisms and neural processing techniques as found in their counterparts in nature. Recently, the mechano-sensory hairs of crickets have been a common research topic for both biologists and engineers [4, 15] . Biologists try to understand nature by testing their hypotheses using bio-inspired systems while engineers try to design high-performance sensory systems based on the knowledge of their counterparts in nature. The bioinspired designs help engineers to design and fabricate sensors circumventing the limited performance and robustness of traditionally engineered sensors.
Benefiting from the advancements in MEMS technology (specifically) the principle of the artificial hair as an obstacle has gained a lot of attention to fabricate flow sensors, imitating the hair sensors in crickets or fish. The research performed on these hair sensors is mostly targeted at the mechanical design of the hair-sensors, their fabrication and subsequent characterization. However, other designs of hair sensors aiming at the detection of spatio-temporal flow patterns using arrays of hair sensors (i.e. flow cameras) are rare.
Freestanding cantilevers are often used in MEMS as transducers for mechanical forces, specifically flow measurements. When an obstacle is immersed in the flow, a drag force will result in a deflection and/or a rotation. Kim et al developed a cantilever-based gas flow sensor with piezoresistive elements at its base using n/n + /n doped silicon layers [16] . The cantilevers were curled up (to be exposed to the airflow stream parallel to the substrate) by annealing them at 450 o C, where the height was controlled by varying the annealing time and temperature. No results for the detection-limit were presented in their work. Zou et al [17] have developed a three-dimensional assembly process called plastic deformation magnetic assembly (PDMA), which is used afterwards in the fabrication of piezoresistive flow sensors to work in water [2] . This design of hair sensor consists of a fixed-free cantilever with piezoresistive elements at its base. Using the PDMA process, a magnetic field is used to bend the cantilever, which remains bent after the magnetic field is removed. Results show that the hair sensor was able to measure water flow down to 0.2 m s -1 . However, the bandwidth of these measurements was not reported. Su et al have realized a silicon cantilever based airflow sensor with an integrated strain gauge at its base [18] . The measurement range was between 0.07 to 20 m s -1 . Wang et al fabricated an airflow sensor with a freestanding micro-cantilever where the airflow is determined by measuring the change in resistance using an external LCR meter [5] . The results show that the sensor has 0.0284 m -1 s -1 sensitivity with a detection range of up to 45 m s -1 and a response time of 0.53 s. Lee et al proposed a flow sensor by arranging eight cantilevers in an octagonal shape based on the piezoresistive effect [19] . The tips of the bimorph cantilevers bend upwards due to the difference in the thermal expansion of silicon nitride and silicon films. The flow rate and its direction were determined by measuring the resistor signal from each cantilever. Based on his measurements, the expected sensitivity of this flow sensor was found to be 0.078 m -1 s -1 . However, the cantilever bends upwards (in the best cases) several tens of micrometers using induced stress. This is a [21] (b) fabricated using the PDMA process [2] (c) made of polymer materials [20] and (d) fabricated with an artificial cupula around it [23] .
limitation for this type of sensor, since the amount of drag torque picked up by the obstacle determines the amount of deflection and thereby its sensitivity. Additionally, the surface area needed to fabricate the cantilevers increases with their lengths or widths. This poses limitations to fabricating highdensity arrays using the cantilever as the basic element. To overcome this, several groups have developed flow sensors with out-of-plane obstacles (i.e. no cantilever as an obstacle) using biological examples such as the lateral-line system in fish [20] and cerci in crickets [3] . The artificial hairs were made in different lengths and widths (100 to 900 mm length) and 25 to 80 mm width) using different materials such as silicon, silicon nitride composition and SU-8. The advantage is that these devices are sensitive to flow acting parallel to the substrate and can be fabricated in high-density arrays, with different sensor-orientations, easily. Ozaki et al has demonstrated the fabrication of 1-DOF and 2-DOF sensory hairs [21] . The 1-DOF design consists of cantilevers made in different lengths with piezoresistive elements at the base (similar to the cantilever designs discussed above). The 2-DOF design consists of a long wire (5 mm) attached manually to the centre of cross-shaped beam with integrated strain gauges. Both designs showed an ability to measure airflows in the range from a few cm s -1 to 2 m s -1
. However, the fabrication scheme of the hair structure poses restrictions with respect to high-density arrays. Chen et al adapted the process in [17] by replacing the obstacle fabricated using PDMA process by 700 μm SU-8 hairs at tips of cantilevers and strain gauges at their base [20] . The sensor was designed to operate in water but also shown to work in air. In water, the sensor response to ac flows has shown a linear response with a detection-limit of about 0.7 mm s -1 at 50 Hz oscillating flow measured at 2 Hz bandwidth. Peleshanko et al have adapted the hair sensor design in [20] by forming an artificial cupula around the hair. A 75 μm s −1 detection-limit of water flow (measured at 2 Hz bandwidth) has been reported using the above design [22] . Using the same approach, McConney et al have reported a reduction in the detection-limit down to 2.5 μm s −1 using a 2 Hz bandwidth [23] . Dijkstra et al fabricated flow-sensor arrays imitating the filiform hairs of crickets [3, 24] . Surface micro-machining technology has been used to fabricate suspended silicon nitride membranes; hairs were made by a repeated lithography process to form double layers of SU-8 (negative photoresist). This approach of biomimetic flow sensing forms the core of our study; the results will be discussed in the experimental and discussion sections. Figure 2 shows examples of cantilever-based and outof-plane hair-like flow sensors for flow measurements either in air or in water. Table 1 shows a comparison between the different artificial hair-flow sensors with different hair shapes and measurements conditions. In bio-inspired sensors, the promise of having better performance, more robustness and higher sensitivities compared to traditionally engineered systems can only be realized when the sensor interfacing is not hampered in order to capitalize on these added values. In this work, we show the advancements in interfacing and fabrication of our artificial hair sensors. The renewed hair sensor design enables improved sensor directivity and reduced detectionlimit compared with the previous arrayed hairs-sensor design. Figure 3 is a schematic of the hair-based flow-sensor geometry and its source of inspiration.
Biomimetic hair flow-sensors

Sensing principle
The artificial hair flow-sensor is fabricated using MEMS surface micro-machining technology resulting in suspended silicon nitride membranes with about 1 mm long SU-8 hairs on top. The electrodes deposited on top of the membrane form capacitors with a common underlying electrode, namely the silicon substrate. Due to the viscous drag torque acting on the hair, the membrane tilts and, consequently, the capacitors (on both halves of the sensor) change equally but oppositely. These capacitive changes are detected differentially as a Figure 4 . A 3D schematic representing the structure of the artificial hair flow-sensor fabricated using MEMS technology [25] . measurement representing the airflow surrounding the hair shaft.
Fabrication
Before considering the essential changes and benefitsof our new hair-sensor design, we describe the previous fabrication process. This process starts with the deposition of a thin silicon nitride (200 nm) on a highly conductive silicon wafer, which forms the common electrode of the integrated capacitors. A 600-1000 nm poly-silicon sacrificial layer is then deposited to define the capacitor gap. The membrane and the torsion beams are formed by depositing and patterning a 1 μm thick silicon rich nitride layer. Subsequently, a 100 nm-thick aluminium layer is sputtered onto the membrane and etched afterwards to form the top capacitor electrodes. SU-8 hairs with a 50 μm base and 25 μm top diameters are fabricated using a twostep photolithography process. Finally, the flow sensors are released by etching the sacrificial poly-silicon layer using either SF 6 or XeF 2 as etching gases. Figure 4 shows a 3D schematic of the artificial hair flow-sensor geometry.
Previously, we have reported the sensitivity of the hair flow-sensors to harmonic airflows using both laser vibrometry (mechanical responsivity) [4] and capacitive measurements (overall sensitivity) [3, 25] . Several essential design and fabrication parameters have been considered to improve the sensitivity of these artificial hair flow-sensors i.e. using longer SU-8 hairs, smaller inter-electrode gaps and an optimal electrode design [26, 27] .
Read-out electronics
In the literature, various transduction mechanisms have been exploited in micromechanical sensors: mainly piezoresistive, thermal, optical and capacitive read-out techniques. Due to its simplicity, high accuracy, fast response, long-term stability, low temperature drift and low power consumption compared with other detection mechanisms, capacitive read-out is often the preferred option in micromechanical sensors [28] e.g. to detect parameters such as acceleration [29] , pressure [30] and displacement [31] . Additionally, capacitive sensing facilitates the integration of a large number of hair-sensors into arrays while maintaining small array dimensions, low power dissipation in combination with surmountable fabrication complexity and a limited number of interconnects. This, in combination with the ability to measure small changes in capacitance enables high-density arrays of sensitive hairbased sensors. Therefore, the detection principle of our hair flow-sensor design is based on the capacitive read-out. However, the interfacing circuitry has many challenges in detecting small capacitance changes and in eliminating the adverse influences of parasitic capacitance and electrostatic actuation. Several capacitive detection methods have been described in the literature. Most of these methods are based on capacitive bridges [32] , relaxation oscillators [33, 34] and charge sensitive amplifiers [35] . According to the requirements of our hair sensor design, high-density sensitive hairs arrays can be realized utilizing capacitance detection. The use of symmetric bridge circuits implies numerous advantages. The symmetrical bridges improve the linearity of the sensor and eliminate the adverse influences of parasitic capacitance, improved power-supply rejection ratio, series resistors and electrostatic actuation. Additionally, the symmetry and the differential readout increase the signal-to-noise ratio (SNR), especially when supported by the synchronous detection mechanism. This influences the detection-limit of the sensor and, hence, makes the output voltage directly proportional to the measurand parameter only. For all of the above reasons our hair sensor is based on a differential capacitive readout mechanism.
In the hair sensor design, each hair flow-sensor consists of a group of 124 hairs with identical orientation and connected in parallel to increase the capacitance changes. Under ideal circumstances (i.e. identical hair flow-sensors, no mutual mechanical (viscous) coupling and independent white noise), compared to a single-hair sensor the resulting electrical signal is expected to be increased by a factor of 124 while the noise amplitudes are increased only by a factor of (124) 1/2 , resulting in a SNR increase of about 11 times. The maximum sensitivity axis of each individual hair is aligned at 45
• relative to the long axis of the sensor die. An SEM image for part of the hair flowsensor illustrating the grouping of hairs and the orientation angle of the maximum sensitivity axis, is shown in figure 5 .
Based on the differential capacitive design, both sides of the differential capacitors ideally have equal capacitances when the membrane is in its equilibrium position. In our ac differential read-out scheme, this results in a zero current flow into the common electrode. When the hair is exposed to an external airflow this results in capacitance changes. In combination with two mutually out-of-phase ac voltage sources (delivering the carrier signals) the differential changes in capacitance are converted into an amplitude modulated voltage signal (AM signal). A synchronous demodulation technique, which consists of a multiplier followed by a lowpass filter, is used to recover the original airflow signal from the AM signal. Since the capacitive changes are measured differentially, common noise is expected to be reduced significantly as long as the disturbances are equal on both sides of the sensor.
To avoid clouding the improvements in the detectionlimit of the hair sensor, achieved by an optimal sensor design, special attention has been paid to the interfacing electronics and hair sensor interconnects. A differential capacitive readout technique is the starting point for the hair sensor (re-) design. A harmonic ac voltage at a frequency of about 1 MHz is used as the carrier signal. This relative high carrier frequency is advantageous since: (1) it allows for a relative large sensor current I ∝ jωC s and hence the SNR is improved, (2) by offsetting the sensor output in the frequency domain the susceptibility to electronic 1/ f noise is reduced and (3) additionally the meaningful detection of a change in sensor capacitance requires the frequency of the electric field to be substantially higher than the frequencies at which the hair sensors need to operate (flow-signals up to about 1 kHz). Consequently, the high carrier frequency supports the operational bandwidth of the sensory system. Figure 6 shows a typical interfacing circuit to measure differential capacitance changes. Two high-frequency ac carrier signals with equal amplitude (≈1 MHz, ≈1V) and in anti-phase (180
• ) are connected to the hair sensor top electrodes. The carrier signal is produced by a direct digital synthesis (DDS) system with digitally controlled amplitude, frequency and phase. The output is an AM modulated signal with amplitudes proportional to the relative capacitance changes and hence, in first order, to the rotation of the hair.
Based on the design of our hair sensor, the change in the sensing capacitors C results from the change in the capacitors gap between the moving membrane and the common electrode. This change of capacitance represents a measurement of the airflow surrounding the hair. The sensor capacitors are modelled up to the first order in the rotation angle α by:
where C s1 and C s2 are the integrated capacitors of the hair sensors, ε o is the permittivity of the vacuum, g eff is the effective gap between the membrane and the common electrode in the equilibrium position including the siliconnitride membrane (i.e. g + t SiN /ε rSiN where t SiN is thickness of the silicon nitride layer, ε rSiN is its permittivity and g is the air gap), w is the width, L is the length of the capacitor electrodes and α is the drag-induced rotation angle. For a small rotation angle, which is the case in the normal operational range of the sensors, the voltage output is a linear function of the rotation angle. In the circuit design (shown in figure 6 ), the generated signal at the common electrode is measured by a transimpedance amplifier, which consists of an operational amplifier (op-amp) with capacitive (C f ) and resistive feedback (R f ). The value of the feedback capacitor is chosen to be small with little tolerance, since it is determining the system gain according to:
where V out is the output of the amplifier, which is an amplitude modulated signal and V i is the carrier amplitude.
The following sections show the main points of attention in designing the interfacing of the artificial hair flow-sensors. The effect of parasitic capacitances, inherent to the hair-sensor layout, in combination with the non-ideal characteristics of the interfacing circuitry have been investigated and analysed.
Parasitic capacitances
Capacitance-based sensors are susceptible to parasitics between the sensor elements and other circuit parts, notably the cables and the ground. A major challenge in fabricating highsensitivity arrays is reducing these parasitics. In the design of our hair flow-sensors, the parasitic capacitances are due to the electrodes connecting the sensors, the capacitances between circuit interconnects and the input capacitance of the interfacing circuit. These parasitic capacitances increase the input noise gain of the amplifier. This implies a reduction in the SNR by a factor of (1+(C p3 /(C o + C f ))) when associated with the small sensor capacitance changes (see section 3.3), where C p3 is the total parasitic capacitance at the sensorelectronics interface and C o is the sensor capacitance without airflow. Additionally, the variations in parasitic capacitances cause a drift in the linear response of the sensor resulting in capacitance changes partially representing non-airflow contributions. Furthermore, parasitics reduce the operational bandwidth of the amplifier, increase the effects of noise and, hence, lead to a reduced SNR.
Non-ideal op-amp
Practical op-amps have finite open-loop-gains, internal noise sources, offset voltages and nonzero output impedances.
Particularly, the open-loop-gain is frequency dependent and decreases at higher frequencies. Additionally, hair sensor geometry and bond pads add parasitic capacitance to the sensory system. For a real op-amp with feedback loop, the close loop gain (A cl ) becomes (adapted from [36, 37] ):
and the operation bandwidth of the system can be expressed as (adapted from [38] ):
where ω is the operation angular frequency, A cl_ideal is the closed-loop gain with an ideal op-amp, C s is the hair sensor capacitance (C s = C s1 + C s2 ), C eq is the equivalent capacitance (C eq = C s + C p3 + C f ), ω unity is the unity-gain-bandwidth and ω 1,2 are the angular frequencies representing the operation bandwidth of the system (resulting from the combination of hair sensor and interfacing electronics). Based on the previous circuit analysis, the interfacing circuit is designed to operate at ω 1 ω ω 2 . With ω unity 1/(R f C f ), ω 1 ω 2 and C s1 + C s2 C p3 + C f op-amp imperfections and any variation in the stray capacitances have minor influence on the circuit gain. Thus, the system is robust, stray immune and the operation bandwidth (see figure 7 ) becomes as shown in figure 7 , which can be simplified as:
Improvement of the detection-limit of the hair sensors is, mainly, limited by the external electromagnetic interference Table 2 . Comparison between arrayed hairs-sensor and single-hair sensor designs considering the effects of the non-ideal op-amp characteristics and non-zero series resistance of the interconnects.
Arrayed
Single-hair hair-sensor sensor
(EMI) and the presence of parasitic capacitances. Using the charge amplifier, virtual grounding is provided and hence the sensed signal is no longer sensitive to the wiring parasitics or amplifier input capacitance (the circuit is stray immune). Additionally, due to the presence of the coupling capacitor (10 nF) at the input of the amplifier, grounding the amplifier inputs through a fixed resistor R dc 1/(2π f (C s1 +C s2 )) stabilizes the dc potential at the sensor-electronics interface and avoids undefined electrostatic forces due to voltage variation and prevents inputs from floating [39] . Moreover, for the circuit to remain stable, the OPA 847 requires a minimum gain of 12 so that the ratio between C f and the total capacitance at the input (C in = C s1 + C s2 + C p3 ) should be at least 1:12 (see table 2).
Non-zero series resistance
At the input side of the hair sensor, the presence of non-zero series resistance interconnections combined with the sensor capacitance enlarges the effect of parasitic capacitance by forming low-pass filters. A high series resistance decreases the cut-off frequency of the generated filter and hence the carrier signal is attenuated. Taking into account the series resistances and stray capacitances, the interfacing circuit can be represented by the circuit shown in figure 8 .
Using superposition techniques, the current (I in ) flowing through R s3 is calculated by determining the equivalent impedance seen by R s1 and R s2 . With an ideal op-amp and since the hair sensing capacitors are C s1 , C s2 C p1 , C p2 , C p3 with a carrier frequency of ω 1/(R s3 C p3 ), the input current to the op-amp is:
The feedback resistance can be neglected since it only affects the low frequency response. Hence, the output voltage (V o ( jω) = I in .Z f ) becomes (adapted from [39] ):
and the cut-off frequencies (according to equation (3)) become:
where R s1 , R s2 are the series resistances of the activation electrodes 3 , R s3 is the series resistance of the sensing (common) electrode 4 , C p1,2 are the parasitic capacitances from the activation electrodes to the ground, ω c1 and ω c2 are the cut-off frequencies of the formed low-pass filters seen at the output of the carrier signal source and at the input of the charge amplifier, respectively. To minimize the effects of parasitic capacitances and series resistances, the corner frequencies ω c1 and ω c2 should be much higher than the carrier frequency ω (see table 2).
Electrical noise
The interfacing circuitry utilizes several noise reduction techniques to minimize the effects of the op-amp's internal noise sources. A high open-loop gain, low input capacitance and high gain-bandwidth product in combination with low bias currents, low voltage and current input noise sources are the main chosen characteristics of the op-amp. These 3 Activation electrodes are the electrodes that provide the input carrier signals to the sensor (input). Due to the design symmetry, R s1 , can be replaced with R s2 in the above equations. 4 The sensing electrode is the electrode that provides the amplitude modulated carrier signal (output). ) current noise at a frequency >100 kHz [40] is used for the design of the charge amplifier.
The hair sensor has various noise sources associated with it of which electrical noise and thermo-mechanical noise may be the main contributors. In the following section, we will analyse the noise sources associated with the current interfacing circuit to determine the dominant electrical noise source.
Based on the interfacing circuitry with the noise sources shown in figure 9 , the output-referred electrical-noise includes contributions by the (i) equivalent internal voltage noise source (e ni ) of the op-amp (ii) equivalent internal current noise source (I ni ) of the op-amp and (iii) the thermal current noise source (I nRf ) of the feedback resistor. The total output-referred noise-voltage density (e no ) can be expressed as:
with
where k B is the Boltzmann constant (k B = 1.38 × 10 −23 J K -1 ), T is the absolute temperature, H s and H I are the transfer functions of the voltage and current noise sources, respectively.
The total output-referred noise density and its contributions are shown in figure 10 . With the current interfacing design and based on the op-amp noise specifications mentioned above, the dominant electrical noise source (at a 1 MHz carrier frequency) is the current equivalent noise source of the op-amp. 
Hair based flow-sensor
In view of the characteristics of the bio-inspired artificial hair flow-sensor, the generated signal is small and prone to various sources of noise. The combined electronics inputreferred noise and thermal-mechanical noise sources pose a fundamental limit on the detectable flow. This noise is amplified and imposed on the output signal due to the parasitic capacitance formed between the hair sensor parts and from the sensor parts to the ground. In this paper, the term 'singlehair sensor' represents a single-hair sensor fabricated using silicon-on-insulator (SOI) technology while the term 'arrayed hairs-sensor' represents an array of hairs grouped on one die and fabricated using the old technology shown in section 2.2.
Arrayed hairs-sensor design
Previously, we have shown advancements in the fabrication and design of the flow-sensitive hair-sensor by improving their mechanical properties [24, 25] . The fabrication process of the hair-sensor is summarized in section 2.2 according to [25] . However, in that hair sensor design the underlying silicon substrate forms the common electrode of the integrated capacitors. This generates large parasitic capacitance in parallel with the sensing capacitors, as shown in figure 11 , which results in the amplification of noise sources as explained in section 3.3. Additionally, the extra parasitics added to the sensing capacitors significantly decrease the fractional capacitance change due to the measurand. This makes the detection of small capacitance changes, which mainly determines the sensor sensitivity, a challenge. Therefore, to increase the change in capacitance and hence the SNR, 124 hairs were connected in parallel (i.e. adding the capacitance changes but averaging out the noise from similar but independent hairs). Figure 11 shows an equivalent circuit of the hair flow-sensor illustrating parasitic capacitors (about 24 pF), as they are in parallel with the 124 hair sensing capacitors (7.9 pF).
Single-hair sensor design
Since it is expected that the electronics noise is the dominant noise source in our case (see the discussion part in section 6), any reduction will likely improve the detection-limit of the flow-sensor as well. The next stage in enhancing the sensor performance is to reduce the parasitic capacitance inherent to the use of the silicon substrate as a common electrode. In the single-hair sensor, all of the interfacing-circuit design techniques (section 3.3) have been implemented in order to reduce the effect of the op-amp imperfections and the role of parasitic capacitances. Here we look at improvement of the detection-limit by reducing the parasitic effects. The use of SOI technology allows us to redesign the electrode system of the hair sensor and to significantly reduce pa rasitic capacitances, while still having overall compatibility with the previous fabrication process.
In the single-hair sensor design, the electrodes used for the carrier signal are separately defined in the silicon device layer (by deep isolation trenches) while the common electrode for the output signal is implemented by aluminium electrodes on top of the membrane. Consequently, the overlap between hairsensor electrodes can be minimal, assuring reduced parasitic capacitances between the carrier signal and output signal electrodes. To further improve hair-sensor performance, the sensor die is shielded by connecting the inactive areas in the device layer and the carrier wafer to the ground. For complete die shielding, the carrier wafer is connected to the common ground of the interfacing circuitry assuring minimal interference. Additionally, maintaining the symmetry in the electrode design allows for maximum benefit of the differential capacitance detection-principle. This cancels out the effect of the remaining parasitic capacitors (C p1 , C p2 ) across the sensing capacitors. Taking into account the series resistance in the carrier frequency electrodes, the equivalent circuit can be represented by the circuit shown in figure 11 .
In the arrayed hairs-sensor design, the bottom electrode was formed by the highly conductive silicon substrate while the carrier signal electrodes were made of aluminium on top of the membrane. In the current design, the functions of the top and bottom electrodes were exchanged. Additionally, deposition of an aluminium layer, outside the sensor areas, onto the bottom electrode helps to further decrease the series resistance of the carrier signals (R s1 and R s2 ) without using the highly conductive silicon substrate. This helps to maintain the cut-off frequency of the generated low-pass filter much higher than the carrier frequency (see equation 8). Additionally, the new design clearly shows improvements in widening the operational bandwidth and in increasing the cutoff frequency inherent with the parasitic capacitance and the non-zero series resistance of the connections. Figure 12 shows impedance measurements of an arrayed hairs-sensor compared with a single-hair sensor as a function of the frequency. Input capacitances (at the hair sensor side) were estimated using these measurements and are shown in table 2, which summarizes the design improvements in the single-hair sensor compared with the arrayed hairs-sensor.
Since single-hair sensing concerns very small changes in capacitance, the new electrode design is needed to allow for a reduction in the number of hairs per device to ultimately one, while still sensing minute airflows. The flow signal detected by the single-hair sensor virtually represents a 'point measurement' sensor while the previous design of the arrayed hairs-sensor represented an average of the airflows over all the individual hairs. Figure 13 shows images of the current devices consisting of two single-hair sensors in perpendicular orientation with respect to the rotational axis of the membranes. Figure 14 shows a schematic representation of the single-hair sensor fabrication process. The adaptation of the fabrication scheme to the new design is enabled by the use of SOI wafers with rather manageable changes, relative to the previous fabrication process of the arrayed hairs-sensor ( figure 14) . The fabrication of the single-hair sensor design starts by etching deep isolation trenches in the SOI device layer (25 μm, resistivity of 0.01 cm) down to the isolating SiO 2 layer by directional reactive ion etching to form the bottom electrodes ( figure 14-I (SLE) and to completely fill the isolation trenches separating the bottom electrodes, respectively. Two wet oxidation runs (1150
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• C, 120 min) are necessary for smoothing the trench fillings and to reduce the poly-silicon layer thickness down to 600 nm, (figure 14-III). The patterning of the membranes (figure 14-IV), aluminium electrodes (figure 14-V) and processing of the SU-8 hairs (figure 14-VI) have not undergone any changes with respect to the fabrication of arrayed hairssensors. Finally, the hair structure is released by SLE of the poly-silicon (figure 14-VII) using XeF 2 gas. Figure 15 . A schematic representing the measurement setup used for the detection-limit and directivity measurements.
Experimental setups and results
To assess the improvements of the current SOI based technology over the previous sensor implementation, the detection-limit and directivity of both the single-hair sensor and the arrayed hairs-sensor were measured and compared. A loudspeaker was used to generate sinusoidal airflows. The airflow amplitude was measured using a commerciallyavailable particle velocity sensor (i.e. the microflown [1] ). Two 1 MHz electrical signals 180 o out of phase were used for the differential capacitive read-out method. The AM signals generated from the sensors were amplified using the circuit described in section 3 and demodulated using the synchronous modulation technique. The demodulated signal was filtered using a 3 kHz low-pass filter and recorded using a digital multimeter. The hair sensor was mounted on top of a rotating stage in very near field conditions [41] . Figure 15 shows the setup dedicated to the frequency response, detection-limit and directivity measurements.
To assess the improvements in the performance of the single-hair sensor caused by the new design, a single-hair sensor and an arrayed hairs-sensor were measured with the experimental setup (shown in figure 15 ) using same interfacing electronics. Both sensors have an identical mechanical design and the results show similarities between the frequency responses of both sensors. Figure 16 shows the frequency response of the arrayed hairs-sensor compared with the singlehair sensor.
Threshold flow determination
The detection-limit measurements of both hair sensors were performed in the direction perpendicular to their rotational axis using airflow velocity amplitudes in the range of 0.1-50 mm s -1 oscillating at 100, 250 and 400 Hz. The detection-limit is defined as the airflow amplitude at which the sensor response has a SNR equal to 1. This is indicated by the intersection of the extrapolated sensor response with the line of constant noise. Figure 17 shows the asymptotic lines of the hair-sensor response and noise level as a function of the airflow velocity amplitude oscillating at 250 Hz for both the arrayed hairs-sensor and the single-hair sensor. Clearly, the noise level of the single-hair sensor is reduced by a factor of 6.5, compared with the arrayed hairs-sensor consisting of 124 hair-sensors in parallel, the single-hair sensor shows a relative improvement of 52% in the threshold response down to 1.06 mm s -1 airflow amplitude as measured in a bandwidth of 3 kHz. The same procedure is performed to determine the detection-limit at different oscillating frequencies; the results are shown in table 3. Figure 18 shows the directivity measurements (for sensors rotated over 360
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• with 10
• steps) of both the arrayed and the single-hair sensors compared to an ideal figure-of-eight shaped directivity. The measurements show that the arrayed hairs-sensor has a maximum sensitivity axis at an angle of about 25 o rotated relative to the long axis of the sensor die. The single-hair sensor does not show this pronounced deviation, but it does show a difference in the sensitivity for perpendicularly oriented hair-sensors. This difference may be due to the differences in the flow disturbances associated with the absence of a four-fold or circular symmetry of the die, despite the identical sensor-design (see figure 13 ).
Discussion
Directivity measurements
The directivity measurements show a 25
• rotation angle of the maximum sensitivity axis of the arrayed hairs-sensor compared with an almost ideal figure-of-eight for the singlehair sensor. This can be attributed to the:
• elimination of the viscous coupling effects (i.e. effects of hair presence on a neighbouring hair by virtue of the finite viscosity of air [42, 43] ) for the single-hair sensor, especially at low airflow frequencies; • asymmetric flow disturbances caused by array effects in the arrayed hairs-sensor design as a result of grouping many hairs on one die. Consequently, the overall response will be the average response of all the individual hairs. However, connected hairs are not identical and hence hairsensor signals are not completely correlated.
Thus, reducing the number of hairs to single elements makes it possible to fabricate point sensors sensitive to the airflow in one direction while decreasing the size of the sensor die. Additionally, due to grouping the hair-sensors in the previous design some practical issues appeared. In this design, hairs positioned on the same die are not perfectly identical (i.e. due to the misalignment of the hairs relative to the membranes) due to which the capacitance of one half of the hair membrane becomes larger. This causes a capacitance misbalance between both halves of the membrane leading to electrostatic forces induced by the carrier signals. Consequently, a net torque is generated even at the rest position (i.e. a pre-tilt of the hair sensors, even without being exposed to an airflow). This pretilt can be compensated for by adjusting the amplitudes of the carrier signals at both sides of the sensor membrane. However, this is a global optimization of the entire array but does not necessarily mean that each individual sensor is optimally interfaced. An indication for this effect may be inferred from the rather large response of the sensors at perpendicular flows (i.e. 'the circles of the figure-of-eight are not closed'). • relative to the long axis of the sensor die due to the sensor design while the single-hair sensor is mounted with a 0
• angle.
Detection-limit
Improvement in the detection-limit can be attributed to the present modifications in the single-hair sensor design, the fabrication technology and interfacing. However, the response of the arrayed hairs-sensor and noise level do not scale with the number of array elements (i.e. the output voltage and noise level are not 124 times and (124) 1/2
, respectively, as large as comparedwith a single-hair sensor). In the results obtained while using the same electronics, the single-hair sensor clearly shows a reduction in the noise level by a factor of 6.5 compared with the arrayed hairs-sensor (section 5).
• The dominant noise source (currently) is the electronic noise which is common for both sensors since the same electronics were used to perform the measurements. However, due to the non-identical equivalent sensor circuit at the sensor-electronics interface (see figure 11 ) the noise gain of the arrayed hair-sensor is larger (i.e. the gain of the output voltage is proportional to C in /C f , where C in is the total input capacitance at the sensor-electronics interface). The input capacitance includes parasitics and equivalent hair-sensor capacitances which are larger for the arrayed hairs-sensor than for the single-hair sensor. Thus the gain factor for the arrayed hairs-sensor is larger (see section 3.3).
• The symmetry in the design of the single-hair sensor reduces the effects of the parasitics by using the differential read-out mechanism, which cancels out the effects of the common parasitics at both halves of the membrane. The symmetry in the arrayed hairs-sensor design was less well preserved and hence the parasitics were not equally well cancelled by the differential readout.
• Viscous coupling effects have an influence on the flowinduced drag-torque acting on the hairs [43] . This reduces the contribution of each individual hair in the overall die response and hence it scales by a factor less than the number of hairs (especially at the low frequency range where viscous coupling is more effective). Thus, due to the elimination of the viscous coupling effects in the single-hair sensor, its output will be larger than the average contribution of the single-hair elements in the arrayed hairs-sensor.
• The sensor constitution (124 hairs over an area of 10 × 1 mm 2 connected in parallel) causes some spatial blurring. For example, this can be seen in figure 18 where the response of the arrayed hairs-sensor at the perpendicular direction is not nearly zero. Again, this can be due to the viscous coupling effects but there is also a geometrical variation of the flow impact-direction on the sensors, especially in the very near field conditions used in these measurements. Additionally, since the hairs are slightly sensitive to pressure variations and due to the sensor constitution, there may be some position dependent pressure effects. Moreover, in the arrayed hairs-sensor, the hairs are spread in a high density over a flat substrate (not a conical shaped substrate as for the cerci of crickets). This causes a variation in the shapes of the boundary layers around the hairs and in the exposure of the hairs to the airflow. Hence, the contribution of each hair is weighted differently in the overall die response (i.e. the hairs at the edge of the die will be stronger represented than the hairs at the centre).
• Operating the arrayed hairs-sensor requires adjusting the carrier signals. This causes each individual hair-sensor to operate sub-optimally while for the single-hair sensor the optimal carrier-signal adjustment can easily be obtained.
• The total thermo-mechanical noise in the arrayed hairssensor is larger compared with the single-hair sensor due to the individual contributions of each hair.
The noise model (see figure 10 ) predicts a voltage noise density of 0.23 μV rms Hz -1/2 at the output of the charge amplifier using a 1 MHz carrier frequency. At the output of the demodulator (synchronous demodulation with 420 mV rms and 31.3 as the dc-gain of the low-pass filter) with 600 Hz bandwidth (i.e. a double side band of 300 Hz each) the total charge amplifier self-noise level is about 37 μV rms . However, noise measurements have shown about 210 μV rms which is 5.5 times larger than the expected amount of noise. The source of the extra noise can be related to the contribution of the DDS system (i.e. carrier signals and the mixer at the demodulator stage).
To exclude contributions of the DDS system to the noise level, two external function generators (Agilent 33220A) and a lock-in amplifier (DSP Lock-In Amplifier SR830) were used for sensor probing and synchronous demodulation with a 50 kHz carrier frequency. This frequency was chosen since the maximum operation range of the lock-in amplifier is about 100 kHz (Stanford research systems). The measurements have shown a voltage noise density of 6.5 μV rms Hz -1/2 at the output of the charge amplifier. The difference from the model predictions can be related to the increase in the gain of the current and voltage noise sources as a function of the frequency by a factor of 16.67 and 7.5 respectively (i.e. the feedback impedance of the charge amplifier is frequency dependent and, hence, the gain increases as the carrier frequency decrease).
Using the voltage noise density measurements at 50 kHz, a 62 μV rms noise level is predicted (using equation 11) at the 1 MHz carrier frequency. The difference in the noise measurements (i.e. using the DDS system setup for sensor probing and synchronous demodulation, which results in a total noise of about 210 μV rms ) can be related to the added noise by the mixer and the low-pass filter, which are not included in the model. To exclude this, the self-noise of the demodulator stage is measured by grounding its inputs. This shows about a 80 μV rms noise level at the demodulator output. Therefore, using the measured self-noise of the charge amplifier and the demodulator stage at the output of the demodulator, the noise due to the carrier signal generated by the DDS system can be extracted, which is in the range of 68 μV rms . Additionally, the multiplication property of the mixer makes the noise not only additive but also multiplicative and, hence, it becomes more complex to estimate. This suggests that by improving the DDS system the detection-limit of the artificial hair flowsensor can be significantly improved. Table 4 summarizes the model predictions and measurements of the voltage noise density and noise level at different stages of the hair sensor acquisition channel.
It is tempting to compare the detection-limit of a single hair element in an arrayed hairs-sensor with the current singlehair sensor. If we assume that the SNR of a single-hair sensor, integrated in an array as in the design of the arrayed hairssensor, is about (124) 1/2 smaller than for the entire design, then its detection-limit would be larger by the same number. It can be argued that viscous coupling may play a role in the arrayed hairs-sensors. However, in the arrayed hairs-sensor design the distance between any two sensors was at least 200 μm, i.e. a normalized inter-hair distance of about 4. From [43] we know that for this normalized inter-hair distance, the viscous coupling coefficient is at most 0.5, i.e. without viscous coupling the hair-sensors would have had at most a twice as large rotation as they had while being in the large array of 124 sensors. Therefore, we argue that in the arrayed hairs-sensor design the detection-limit would have been at least (124) 1/2 /2 ≈ 5.6 times the array detection-limit. These numbers have been put in parenthesis in table 3. From these inferred detectionlimits we conclude that the modifications we have made to the sensors and the careful analysis and optimization we have applied to the interfacing electronics have resulted in at least a 12-fold improvement (reduction) in the detection-limit, from over 1 cm/s to about 1 mm/s flow amplitude.
Cricket hairs
When we compare our artificial hair-sensor with crickets' hairs, the latter shows over one order of magnitude better performance down to flow amplitudes below 30 μm s −1 [44] . This can be attributed to the differences in the sensor materials and the mechanical properties (see table 5 ). Moreover, crickets reduce the boundary-layer effects by the conical shape of their cercus, which locally increases the circumferential flow and thereby improves the sensitivity. This is not easily attained with artificial hairs where a flat substrate is used. Additionally and since the boundary layer is frequency dependent, crickets have different hair lengths, spread along the cercus and covering a large frequency range. This makes crickets professionals in using hair-sensor arrays not only in detecting tiny amplitudes of airflow but also to recognize flow shapes and perceive their meanings. Such a sensory system in combination with a complex neural system helps crickets to distinguish between real and false alarms, by performing multi-hair measurements instead of single-hair measurement.
Thermo-mechanical noise
In crickets, damping is caused by the hair-sockets due to material properties of the socket and viscous damping of the moving hairs (the relative velocity between hair and the surrounding airflow). The damping in artificial hair-sensors is caused by both hair-viscous damping and, mostly, squeeze film damping as a consequence of the membrane geometry in combination with the small gap of the integrated capacitors. The fluid-damping elements are associated with the noise sources. The noise equivalent drag torque (T n ) resulting from the damping (R) in the hair sensory system can be related to the quality factor (Q) by:
with R = J(2.π f res ) Q (13) where f res is the resonance frequency of the mechanical system which defines the system bandwidth. The average hair angular displacement due to the thermomechanical noise integrated over the entire hair sensor bandwidth becomes:
where H s is the mechanical transfer function of the hair sensor using the mechanical parameters of the hair sensor. The detection-limit can be determined from:
In our artificial hair-sensor, the threshold flow velocity resulting from the thermo-mechanical noise is in the range of 52 μm s −1 (see table 5 ). Figure 19 shows the detectionlimit of artificial single-hair sensors with different Q compared with a virtual cricket hair-sensor with parameters obtained by the allometric scaling rules of crickets-hairs as derived by Shimozawa [44] .
In contrast, parasitics in MEMS-based hair flow-sensors, inherent with capacitive measurements and self-noise of the interfacing electronics pose limitations to detect flow-signals, even above the limit imposed by thermo-mechanical noise. Unlike crickets' hairs, the dominant noise source which (currently) determines the sensor threshold in MEMS-based hairs is electronic noise. We estimated that the hair sensor with Q = 0.59 shows an averaged 0.97 μrad rotation angle due to the thermo-mechanical noise. The model predictions show that the thermo-mechanical noise is less than the electronic noise of the interfacing circuit with about a factor of 2 (at 1 MHz carrier frequency even without taking into account the noise added at the demodulator stage). From an electrical design point of view and in case we are able to reduce the electronic noise of the entire system to below the thermo-mechanical-noise level, the detection-limit of an artificial hair-sensor could improve to about 52 μm s −1 airflow amplitude, bordering on the threshold flow-amplitude of crickets. Figure 19 shows the calculated detection-limit (airflow amplitude causing a rotational angle equivalent to the expectation value of the noise induced angular rotation) of the natural hair flow-sensors of crickets compared with the artificial hair-sensor at two values of the quality factor.
Conclusions
In this paper, we have analysed the effects of interfacing-circuit imperfections on the performance of capacitively interrogated biomimetic hair-sensors. The resulting interfacing design rules were used to improve the hair sensor-design and interfacing electronics. The alterations in the fabrication technology, specifically the electrode implementation, has resulted in single-hair sensors that can act close to 'point sensors' while simultaneously reducing the threshold flow 12-fold, down to about 1 mm s -1 at the 3 kHz bandwidth. With this design, it is possible to determine flow phenomena at relative small scales, whereby it is unnecessary to integrate (average) over a large number of sensors, i.e. a large area of the die. We believe that further improvements on the interfacing electronics and sensor mechanics will eventually help to match the performance of our biomimetic flow-sensor to the sensory hairs of crickets with threshold flows down to 30 μm s −1 . Additionally, taking advantage of deep isolation trenches to define the electrode areas, the SOI technology opens possibilities to fabricate wafer-scale arrays consisting of single-hair sensors as the basic array element. This would allow one to make a broad range of sensory structures, vastly exceeding the possibilities of single-hair sensors. The combination of the detectability of small capacitance changes as generated from a single-hair sensor and efficient array addressing the techniques allows application of sensor arrays (with sensors densities of 50-100 elements per mm 2 ) for high-resolution spatio-temporal flow pattern observations. For example, it will aid in the development of flow-cameras consisting of arrays of artificial hair-sensors, which are expected to be useful e.g. for surveillance and robotic applications.
